We demonstrate the synthesis of water-soluble allylamine terminated Fe doped Si (Si xFe ) nanoparticles as bimodal agents for optical and magnetic imaging. The preparation involves the synthesis of a single source iron containing precursor, Na 4 Si 4 with x% Fe (x = 1, 5, 10), and its subsequent reaction with NH 4 Br to produce hydrogen terminated Si xFe nanoparticles. The hydrogen-capped nanoparticles are further terminated with allylamine via thermal hydrosilylation.
The research in the area of nanotechnology has seen immense progress over the years. It is highly exploratory, driven by the demand for better materials for applications in electronics, sensors, catalysis and biomedical science for diagnostics and therapeutics. [1] [2] [3] [4] [5] The vast applicability of nanoparticles is a result of their (i) small size which gives them a high surface to volume ratio, (ii) highly tailorable physical properties such as absorbance, emission, magnetism etc., (iii) chemically active surface, and (iv) ability to form highly stable structures. 2 A combination of all the above mentioned properties has led to the application of nanoparticles for diagnostics and therapeutics including metal nanoparticles (Au, Ag), 6, 7 semiconductor nanoparticles (II-VI, III-V, Si) 1, 2, 8 and magnetic nanoparticles (Fe 3 O 4 , FeCo alloy, MnO, Gd 2 O 3 ). [9] [10] [11] Imaging is an important diagnostic technique and some of the most clinically relevant modalities include optical imaging, MRI (magnetic resonance imaging), and PET (positron electron tomography). 12 While all the imaging techniques have strengths as diagnostics methods, they all suffer from some disadvantages. Optical imaging suffers from low resolution in vivo (2-3mm) along with limited skin (tissue penetration, <1cm) while MRI suffers from low sensitivity (mM-μM). [13] [14] [15] Multimodality allows for combining the advantages of multiple imaging modalities and may help to overcome the shortcomings of the involved techniques. [13] [14] [15] [16] Combining fluorescence and magnetic resonance imaging provides the high sensitivity of optical imaging (nM-pM) and high tissue penetration of MR imaging (no limit). 13, 15 The ability to exploit the multiple modalities in a single imaging agent makes the measurement more accurate and thus, the diagnosis and/or treatment more reliable. 17 Although it is challenging to blend multiple modalities into a single entity, multimodal nanoparticles offer hope in achieving this goal. The fluorescent properties of semiconductor nanoparticles have proven to be useful for optical imaging while the magnetic properties of iron oxide nanoparticles have been applied for magnetic resonance imaging; it is attractive to consider blending these materials into a single particle. 12, 14 There are examples of multimodal imaging agents available in literature with focus on the development of magneto-fluorescent bimodal imaging agents either by conjugating a fluorescent label to magnetic particles 18, 19 or conjugating a MR-active probe to a fluorescent semiconductor nanoparticle. 12, 20 While these probes have shown success for dual mode imaging, there is concern that the chemically conjugated label can be released, especially under in vivo conditions, and mar image interpretation due to the presence of free label. Another approach to designing bimodal imaging agents is to dope an MR-active probe into the nanoparticle. 21, 22 This single entity approach resolves the problems associated with the possible labile nature of chemically bonded groups. Reports have shown successful doping of metal ions into fluorescent semiconductor nanoparticles. [21] [22] [23] One factor that weighs into the development of any new material for biological applications is its toxicity, both biological and environmental. 24 Silicon nanoparticles, which are relatively new in the area of bio-imaging, [25] [26] [27] [28] [29] offer a good alternative to the traditional nanoparticles as the silicon based materials have been shown to exhibit minimal toxicity. 25, [30] [31] [32] [33] They exhibit a stable fluorescence at different wavelengths based on the synthetic route. They can be synthesized by a variety of methods reported in the literature ranging from reduction of silicon halides, 34 plasma synthesis, 35 high temperature annealing of SiO x followed by HF etching, 36 electrothermal dispersion of bulk silicon, 25 and via microwave assisted reaction of Zintl phases. 37 All the above mentioned synthetic routes produce stable silicon nanoparticles, however many produce nanoparticles that are hydrophobic which makes them unfavorable for bio-imaging unless they can be modified to be water soluble. The reaction of the Zintl phase Na 4 Si 4 either in a traditional thermal [38] [39] [40] or in a microwave reactor 37 produces hydrogen-capped silicon nanoparticles that can be further reacted to produce water soluble nanoparticles. The benefits of using a Zintl salt to prepare nanoparticles are that it is possible to add paramagnetic ions as a dopant to the starting material and incorporate both photoluminescence and paramagnetism into one small entity. We have reported the synthesis of water soluble manganese doped silicon nanoparticles and shown that both photoluminescence and MRI detection is possible. 26 In this manuscript, we expand on our previous work and further develop this approach to synthesize highly stable and photoluminescent water soluble propylamine terminated, irondoped silicon (Si xFe ) nanoparticles and demonstrate their application as potential bimodal imaging agents. The nanoparticles were synthesized from xFe:Na 4 Si 4 which acts as a single source precursor to obtain the desired nanoparticles. The nanoparticles were characterized by a variety of techniques to assess their physical characteristics including core size, fluorescence, EPR, oxidation state of the dopant, relaxivity and magnetic resonance imaging. The nanoparticles were examined for their toxicity on HepG2 cells and compared to undoped silicon (Si) nanoparticles.
Results and Discussion
The precursors xFe:Na 4 Si 4 and the amine terminated iron doped silicon nanoparticles (Si xFe ) were synthesized in a similar fashion as we previously described for Mn doped silicon nanoparticles. 26 The reaction between the precursor xFe:Na 4 Si 4 and NH 4 Br in DMF produced hydrogen terminated nanoparticles which could easily hydrolyze if exposed to air and/or water and hence are not very stable. It is important to coat them with a ligand, which will enhance their stability to air and water. Hydrosilylation has been utilized over the years to stabilize hydrogen terminated silicon surfaces in nanoparticles and thin layers. 34 An unsaturated hydrocarbon (with an additional functional group or otherwise) can replace the surface hydrogen forming a stable Si-C bond thus protecting the surface from hydroxylation. Hydrosilylation has been reported to be catalytically, 29, 41, 42 thermally 43 or photolytically 29, 44 driven. The thermally assisted method is advantageous over the other routes as it avoids extra purification steps (as in the case of catalytic methods) or the longer reaction times 42 (as in the case of UV assisted methods). Allylamine is a short chain ligand which can help maintain a smaller hydrodynamic size for further applications. 45 The absence of a long carbon chain also assists in high water solubility and the terminal amine group lends a wide range of functionality to the nanoparticles for further conjugation to molecules including but not limited to nucleic acids, peptides and therapeutic agents. The amine terminated Si xFe particles prepared by this route are extremely stable to light, air and water over a period of time. Over a period of 15 months, nanoparticles prepared via this synthetic route when stored in water on a bench top do not fall out of solution and exhibit a 75% loss in overall quantum yield in comparison to a freshly prepared sample ( Figure  S1 ).The synthesis is highly reproducible with the average core size for Si xFe of ~3-4 nm, as determined by TEM (Table 1) . A typical TEM image for Si 5Fe is shown in Figure 1 . Figure  1a shows the average size of the Si 5Fe nanoparticles and Figure 1b is the high resolution TEM image of Si 5Fe nanoparticle wherein the (2 2 0) lattice plane (1.9 Å) for silicon can be seen as indicated. The inset in Figure 1b depicts the size distribution of the Si 5Fe nanoparticles. The HRTEM images confirm the absence of any independent Fe and Si nanoparticles or Fe-Si core-shell structure for these nanoparticles as the difference in the densities of silicon and iron would have been clearly visible in a high resolution TEM image.
The photophysical characteristics of the nanoparticles were measured in aqueous solution. The UV-Vis spectra for the nanoparticles show no significant absorption at wavelengths longer than 600 nm. The photoluminescence (PL) was measured with λ ex = 350 nm for all the samples and yielded an emission peak centered at 430 nm (λ em = 430 nm) as shown in Figure 2 . The highest quantum yield of 15% was observed for the sample with the smallest amount of Fe, x = 1, while the sample with x = 5 had a quantum yield of 10%. At x = 10, the quantum yield went down to 1% ( Table 1) . Loss of quantum yield is not beneficial for the development of a multimodal agent, therefore no magnetic measurements or toxicity assays were performed on the Si 10Fe nanoparticles.
Quantitative elemental analysis was performed to determine the extent of iron doping into the nanoparticles. The amount of Fe(acac) 3 was increased consistently in the starting mixture with the expectation of achieving higher amounts of iron doping in the nanoparticles. However, analysis of the inductively coupled plasma mass spectrometry (ICP-MS) data indicated that even at the highest amount of Fe(acac) 3 in the starting mixture, the iron incorporation into the nanoparticles did not exceed ~1% ( Figure 3 , Table 1 ). This observation is indicative of an upper limit to doping levels in the silicon nanoparticle system and one can hypothesize that the nanoparticle extrudes dopant species in excess of ~1% thus relieving itself of excess strain in the Si nanoparticle structure. As mentioned in the experimental section, the reaction between xFe:Na 4 Si 4 and NH 4 Br produces a yellow solution which contains the soluble nanoparticles and a black precipitate. As the nanoparticles did not show any increase in the iron content with increasing x the black precipitate (by-product) was analyzed by powder XRD. The powder XRD pattern for the Si 10Fe by-product had diffraction peaks corresponding to NaBr, Si, FeSi and Fe whereas that for Si 1Fe did not ( Figure S2 ). The Si 5Fe sample showed a small peak attributed to FeSi, but no evidence for Fe. These results support the hypothesis that only a limited amount of Fe is soluble in the 3 nm diameter silicon nanoparticles. Figure 4a shows the X-band EPR spectrum of the amine terminated Si 1Fe and Si 5Fe nanoparticles measured at 4.2 K. Figure 4a also includes the EPR spectrum for amine terminated undoped silicon nanoparticles for comparison. The singlet at g = 4.3 observed in the case of both Si 1Fe and Si 5Fe is indicative of isolated high spin Fe(III) centers under rhombic distortion. [46] [47] [48] Although there have not been any reports on EPR studies of iron doping into nanoparticles, there are several EPR reports on iron centers trapped in the various glasses, amino acid crystals and zeolite structures. [49] [50] [51] [52] Based on these reports it can be concluded that there are isolated iron centers in +3 oxidation state in the core of the nanoparticle. Full sweep EPR spectrum for the undoped silicon nanoparticles and Si 5Fe is shown in supporting information ( Figure S3 ). This result is consistent with the iron center as an isolated dopant within the nanoparticle structure and also indicates that there were no clusters of iron in the structure. This result corroborates the absence of core-shell like structures for these nanoparticles as was clearly seen in the HRTEM images ( Figure 2 ).
To further probe the oxidation state of the iron centers in the nanoparticles, 57 Fe Mössbauer spectroscopy was carried out on Si 5Fe dispersed in ethanol. Mossbauer spectroscopy is a much more sensitive technique and can distinguish between the +2 and +3 states of iron with more accuracy than EPR spectroscopy as the EPR signal for Fe 2+ is very weak and difficult to detect. The spectrum was least squared fit using Recoil software 53 and the centroid shift is reported with respect to metallic αiron at room temperature ( Figure 4b ). The parameters from the fitting are the centroid shift (δ = 0.22±0.01 mm/s), quadrupole splitting (ε = 0.30±0.01 mm/s) and the Lorentzian linewidth (Γ = 0.38±0.01 mm/s). 54 These parameters are in good agreement with Fe 3+ , indicating 3+ being the only oxidation state for the iron present in the nanoparticles.
The relaxivity measurements were carried out on Si 1Fe and Si 5Fe at 37 °C (1.4 T) and are shown in Figure 5 . The r 2 /r 1 for Si 1Fe was calculated to be 2.04 while that for Si 5Fe it was 4.31. For these nanoparticles to be useful as bimodal imaging agents, along with a measurable quantum yield they should also act as good MRI contrast agents. Magnetic resonance imaging experiments were carried out on Si 1Fe (Q.Y. = 15%) and Si 5Fe (Q.Y. = 10%). Figure 6a shows the T 2 weighted images for both Si 1Fe and Si 5Fe nanoparticles dissolved in water. The Si 5Fe samples produce a high contrast even at concentrations as low as 1.0 μM whereas Si 1Fe did not produce any notable contrast as shown in Figure 6a . Neither of the nanoparticle samples produced noticeable T 1 contrast (data not shown).
The optical emission intensity of the Si 5Fe samples was measured at the same iron concentration as for the MRI studied. The samples were excited at λ ex = 350 nm and as the samples entered the non-linear region of absorption at higher concentration, the λ max of emission red shifted with the highest concentration sample (60 μM Fe) to 450 nm ( Figure  6b) . A plot of the area under the emission intensity curve as a function of concentration and emission λ max as a function of concentration are presented in the supporting information ( Figure S4 ). This shows a quenching of emission intensity and energy shift in the λ em as a function of concentration of nanoparticle. Organic fluorophores are known to exhibit changes in their photophysical properties as a result of stacking or aggregation. 55, 56 Similar effects have been observed with other fluorescent semiconductor nanoparticles as well to develop switchable fluorescent probes. 57 The change in the λ max for silicon nanoparticles at higher concentration can be applied to confirm the delivery of a payload at a certain site.
Some of the most important criteria that any new material developed for biological applications (including imaging) must fulfill are bio-compatibility, low toxicity and biodegradability. Various silicon structures have been reported to be highly bio-compatible 31, 33 and are known to degrade to orthosilicic acid Si(OH) 4 which can be easily excreted out of the body. 25, 31 However, because nanoparticulates typically are cleared through the liver, retention in the liver is of concern for possible toxicity as the particles degrade. 25, 58 Therefore, it is very important to study the effect of these particles on liver cells. HepG2 cells were treated with the different concentrations (0 -5mM) of amine terminated Si 1Fe and Si 5Fe for 4 h, 24 h and 48 h. Similar experiments were repeated with amine terminated undoped silicon nanoparticles to compare the effect of dopant. The cell viability was measured using a resazurin assay. The assay is composed of the resazurin dye, which is nonfluorescent by itself, however, it is reduced to its fluorescent form in the presence of live cells. The cell viability for HepG2 cells treated with Si, Si 1Fe and Si 5Fe nanoparticles is presented in Figure 7 . The nanoparticles show minimal toxicity (cell viability ≥ 85%) to the HepG2 cells throughout the concentration range even at the longest incubation times. Statistical evaluation of the survival rates for the hepatocytes indicates that the survival at 24 h and 48 h is statistically significant (P<0.05) in comparison to 4 h incubation times whereas the difference is not significant (P>0.05) when comparing the difference in survival rates at 24 h and 48 h incubation times. We have previously shown that the nanoparticles can be detected by imaging after uptake by macrophages. 26 Some previous studies have shown that the amine terminated silicon nanoparticles can have in vitro toxic effects including an increase in the production of intracellular reactive oxygen species measured by a series of complex assays. 33, 59 Resazurin assay is a relatively simpler assay to measure the cytotoxicity and to completely understand the toxicological effects detailed and more complex cell viability assays need to be employed for these nanoparticles. A detailed analysis to assess the cytotoxicity of these nanoparticles is in progress.
Conclusions
Iron doped silicon nanoparticles (Si xFe ) have been successfully synthesized from the iron doped sodium silicide precursor (xFe:Na 4 Si 4 ). These nanoparticles exhibit extreme stability towards light, air and water. Higher concentrations of the iron dopant in the initial mixture led to extreme loss of photoluminescence, however, at lower concentrations (x = 5%), the nanoparticles were bright and also produced a significant T 2 contrast. These nanoparticles were also of low toxicity as seen in the cell viability assays with cell viability ≥ 85% at concentrations as high as 5 mM. These nanoparticles are promising for bio-imaging applications and the presence of free amines on the surface makes them highly applicable for targeted drug delivery as well. Future work on these nanoparticles is focused on bioconjugation and an assessment of the toxicity effects of these nanoparticles on other cell lines. These studies will help substantiate the overall minimal toxicity of the particle and also further the applicability of these particles for various other applications in diagnostics and therapeutics.
Experimental Materials
Reagents for Nanoparticle Synthesis: Sodium hydride powder (NaH, 95%), silicon powder (Si, 99%), anhydrous iron (III) acetylacetonate powder (Fe(acac) 3 , 99.99 %), allylamine (C 3 H 5 NH 2 , 98%), ammonium bromide (NH 4 Br, ≥99.99%) and N,N-Dimethylformamide (DMF, 99.8%) were purchased either from Sigma Aldrich or Fisher Scientific. Fe(acac) 3 and NH 4 Br were dried overnight in a vacuum oven. Allylamine (under N 2 ) and DMF (over sodium metal under vacuum) were distilled prior to use. Na 4 Si 4 pellets were obtained from SiGNa Chemistry, Inc. The pellets were crushed to a powder using a mortar and pestle in a N 2 filled glove box. Water was purified using a Nanopure analytical UV water system (18.0 MΩ cm, Barnstead). Reagents for cell culture: Minimum essential medium (MEM) (1X), trypsin 0.05% (1X) with EDTA 4Na, MEM non-essential amino acid solution 10 mM (100X), penicillin-streptomycin (5,000 units of penicillin (base) and 5,000 μg of streptomycin (base)/ml), fetal bovine serum, Dulbecco's phosphate-buffered saline (D-PBS) (1X) and MEM sodium pyruvate solution 100 mM (100X) were purchased from Invitrogen, Inc. Cell Vitality Assay Kit -C 12 Resazurin/SYTOX® Green was also purchased from Invitrogen, Inc.
Preparation of xFe doped Silicon (Si xFe ) Nanoparticles (x=1%, 5%, 10%)
Fe doped silicon nanoparticles were synthesized from the Fe doped sodium silicide (xFe:Na 4 Si 4 ) precursor following a previously published procedure. 26, 60 The xFe:Na 4 Si 4 precursors were prepared according to a modified procedure published for the synthesis of Na 4 Si 4 . 60 Briefly, a mixture of NaH, Si and Fe(acac) 3 in different molar ratios (m NaH : m Si : m Fe = 1.9: (1-x) : x, and x = 1 %, 5 %, 10 %) were milled for 30 min in a high-energy Spex 8000 M mill using a tungsten carbide milling vial (volume = 55 mL) and three tungsten carbide balls (one 11.2 mm and two 7.9 mm diameter). The milled mixture was placed in a N 2 filled glove box and transferred to an alumina crucible. The crucible was covered with an alumina cover and placed in a quartz tube with stopcock adapters. The quartz tube was placed in a tube furnace and attached by means of the stopcock adapters to an argon flow at one end and a bubbler at the other. The apparatus was heated at 420 °C for 48 h followed by an additional 12 h at 500 °C under a constant flow of argon. The product was cooled to room temperature under flowing argon and transferred to the glove box for further use and storage.
To synthesize the nanoparticles, 0.2 g xFe:Na 4 Si 4 and 0.4 g NH 4 Br were added to a 250 mL Schlenk flask with a Teflon coated stir bar in the N 2 filled glove box. The flask was brought out of the glove box and placed under N 2 on a Schlenk line. 100mL of degassed DMF was cannulated into the flask and the mixture was refluxed for 8-12 h in order to produce hydrogen terminated Fe doped silicon particles. The reaction was considered complete when there was no more ammonia gas indicated with a pH strip at the exit bubbler. The reaction mixture is then cooled to room temperature and 2 mL of degassed allylamine is added to the flask and the reaction mixture was refluxed again for 4-6 h in order to produce propylamine terminated nanoparticles via thermal hydrosilylation. The product, which was a yellow solution with a black precipitate, was cooled to room temperature and transferred to centrifuge tubes. The contents were centrifuged at 8000 rpm for 20 min. The yellow supernatant was transferred into a round bottom flask while the black precipitate was dried in a vacuum oven overnight for further characterization. The supernatant was evaporated using a Buchi rotary evaporator when 10 mL of nanopure water (npH 2 O) was added to the flask and the solution evaporated again. This step was repeated to completely remove DMF (4-5 times) followed by addition of 10 mL of npH 2 O.The solution was dialyzed against npH 2 O for 2-4 h to remove any excess reagents and water soluble impurities. The contents of the dialysis bag were then filtered using a 0.45 μm filter. The filtrate was brought to dryness using the rotary evaporator. The product was dissolved in 10 mL of npH 2 O (or in DMF for EPR) and used for further characterization and experiments. Amine terminated silicon nanoparticles (undoped) were synthesized and purified in a similar manner using Na 4 Si 4 as the starting material.
CAUTION
NaH, Na 4 Si 4 , and xFe:Na 4 Si 4 are highly reactive to air and moisture hence must be handled under an inert atmosphere with care.
Characterization
The black precipitate from the Si xFe nanoparticle syntheses was analyzed by powder X-ray diffraction (XRD) on a Bruker D8 Advance X-ray diffractometer with CuKα radiation (λ = 1.54178 Å).The core size for the nanoparticles was determined by transmission electron microscopy on a JEOL 2500SE Schottky emitter microscope operating at 200 kV and equipped with a Gatan multiscan camera. TEM samples were prepared by dropping a methanol solution of the nanoparticle on a holey-carbon-coated, 400-mesh electron microscope grids and drying them under a light bulb overnight. High resolution TEM (HRTEM) images were collected on the same instrument and the grids were prepared in a manner similar to that for the low resolution image. Elemental analysis to determine the amount of iron doping in the nanoparticles was performed on ICP quadrupole mass spectrometers (ICP-MS, Agilent Technologies 7500ce). Quantum yield measurements on an aqueous solution of nanoparticles were performed by measuring the photoluminescence (PL) spectra on a FluoroMax-3P fluorometer and UV-Vis spectra on a Shimadzu UV-1700 PharmaSpec spectrometer. The quantum yields for Si xFe particles are reported with respect to quinine sulfate standard dissolved in 0. The electron paramagnetic resonance (EPR) spectra for the samples were collected on a Bruker ECS106 X-Band spectrometer, equipped with an Oxford Instruments liquid helium cryostat. Typical experimental conditions were frequency 9.68 GHz, temperature 4.2 K, modulation amplitude 10 G, microwave power 0.50 m, conversion time 40.96 ms, time constant 40.96 ms, average of 10 scans. Samples were dissolved in DMF. 57 Fe Mössbauer spectroscopy was performed at 80 K using a SEE Co. MS4 spectrometer equipped with a Janis SVT-400 cryostat. The radioactive source was 57 Co in Rh matrix maintained at room temperature. The Si 5Fe sample dissolved in DMF was poured into the sample cup and frozen under liquid N 2 to get a 2 mm thick sample for the measurement. The spectrum was least squared fit using Recoil software 53 and the values for metallic α-iron were used to report the centroid shift for the sample.
Toxicity assay
Hepatic cells (HepG2 cells, from ATCC) were maintained in MEM supplemented with 10% FBS, 200 U/mL penicillin, 200 μg/mL streptomycin, 1 mM sodium pyruvate, and 1 mM non-essential amino acids at 37 °C in a humidified 5% CO 2 atmosphere. The cells were released from the culture flask using 0.05% trypsin and resuspended in 13 mL of supplemented MEM. 10 μL of the suspension was loaded on a hemacytometer to determine the cell density. Appropriate dilution was carried out to obtain a cell density of 5×10 4 cell/ mL of the suspension. Cell were plated into a 96 well plate at 200 μL of the cell suspension per well. Appropriate amount of dried nanoparticles (Si xFe or Si nanoparticles) were dissolved in supplemented MEM to get a stock solution with 5 mM silicon concentration as determined by ICP-MS. This molar concentration can be converted to g/L (mass/volume) by considering a 3 nm particle comprised of a total of 963 silicon atoms and a 100% surface coverage (275 surface silicon atoms) by the propylamine ligand. 61 The cells in the well plate were incubated with the nanoparticle solution 0, 0.02, 0.2, 0.5 and 5 mM concentrations for 4 h. The lower concentration [Si] solutions were prepared by serial dilution of the 5 mM stock solution. The cell viability was determined using a resazurin assay. For this, 5 mM resazurin solution was prepared in DMSO which was further diluted to 5 μM using the supplemented MEM. For the 4 h time point the media was removed from each well and the cells were washed with 1× PBS (3×200 μL) followed by the addition of 200 μL of 5 μM resazurin solution to each well. The well plate was then placed on Safire 2 monochromator microplate reader (Tecan Austria G.M.B.H., Austria), λ ex = 563 nm and λ em = 587 nm to measure the fluorescence. The cell viability was assessed based on the relative fluorescent signal in comparison to the control well. The same experiment was repeated for the 24 h and 48 h time point for the cell viability.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Relative quantum yield (Q.Y.) for amine terminated water soluble Si and Si xFe nanoparticles. The absorption spectrum for Si 5Fe is shown as well. Si, Si 1Fe and Si 10Fe nanoparticles exhibit a similar absorption profile. (a) X-band EPR spectra for Si 1Fe (dashed line) and Si 5Fe (dotted line). For comparison, the EPR spectrum for undoped silicon nanoparticles is also included (solid line); (b) Mössbauer spectrum of Si 5Fe nanoparticles fits to the parameters specific to the Fe 3+ . Relaxivity plots for (a) Si 1Fe and (b) Si 5Fe dissolved in water and measured at 37 °C (n=3). 
